Bacterial leaf blight (BLB), caused by X. oryzae pv. oryzae (Xoo), is one of the most destructive diseases of rice due to its high epidemic potential. Understanding BLB resistance at a genetic level is important to further improve the rice breeding that provides one of the best approaches to control BLB disease. In the present investigation, a collection of 96 accessions was used in the genomewide association study (GWAS) for BLB resistance loci against four Korean races of Xoo that were represented by the prevailing BLB isolates under Xoo differential system. The results of the bioassay using a selected set of 96 accessions showed that a large number of accessions (93.75%) were resistant to K1 race, while the least number of accessions (34.37%) resisted K3a race. For races K2 and K3, the resistant germplasm proportion remained between 66.67 to 70.83%. The genotypic data produced SNP matrix for a total of 293,379 SNPs. After imputation the missing data was removed, which exhibited 34,724 SNPs for association analysis. GWAS results showed strong signals of association at a threshold of [-log10(P-value)] more than 5 (K1 and K2) and more than 4 (K3 and K3a) for nine of the 39 SNPs, which are plausible candidate loci of resistance genes. These SNP loci were positioned on rice chromosome 2, 9, and 11 for K1 and K2 races, whereas on chromosome 4, 6, 11, and 12 for K3 and K3a races. The significant loci detected have also been illustrated, NBS-LRR type disease resistance protein, SNARE domain containing protein, Histone deacetylase 19, NADP-dependent oxidoreductase, and other expressed and unknown proteins. Our results provide a better understanding of the distribution of genetic variation of BLB resistance to Korean pathogen races and breeding of resistant rice cultivars.
Introduction
The productivity of rice is limited by pathogens such as Xanthomonas oryzae pv. Oryzae (Xoo), which is a causal agent of bacterial leaf blight (BLB) of rice. BLB is one of the disastrous diseases that lead to crop failure in tropical and temperate rice growing regions of the world (Mew, 1987; Khan et al., 2014) . In Korea, BLB appeared as an emerging disease in past years, affecting yield and grain quality of rice (Noh et al., 2007) . Various studies have been carried out related to disease management and control. However, enhancing genetic resistance has proven to be the most effective method of controlling BLB disease. A total of 38 BLB resistance genes (R genes), designated as Xa1 to Xa38, have been identified in rice (Khan et al., 2014; Kim et al., 2016) . These R genes evoke a strong, normally race-specific, resistance that results in very short lesions and reduction of susceptibility. However, the pathogen populations rapidly evolve as indicated by the emergence of various pathotypes and races to overcome the resistance. Finding new sources of durable resistance is a continuing challenge for effective control of bacterial leaf blight. The dominant R genes include Xa1, Xa2, Xa3/Xa26, Xa4, Xa6, Xa7, Xa10, Xa11, Xa12, Xa14, Xa16, Xa17, Xa18, Xa21, Xa22(t) , Xa23, Xa25, Xa27, Xa29(t) , Xa30(t), Xa32(t) , Xa35(t) , and Xa36(t) and the recessive R genes include xa5, xa8, xa9, xa13, xa15, xa19, xa20, xa24, xa25/Xa25(t), xa26(t), xa28(t), xa31(t), xa33(t) , and xa34(t) (Chen et al., 2011; Khan et al., 2014) . Several BLB genes have been mapped on chromosome 4 (Xa1, Xa2, Xa12, Xa14, and Xa25) , chromosome 5 (xa5), chromosome 6 (Xa7), chromosome 8 (xa13), and chromosome 11 (Xa3, Xa4, Xa10, Xa21, Xa22, and Xa23) (Chen et al., 2002; Das et al., 2014; Khan et al., 2014) . The location of the remaining genes is not clear at the moment. Seven recessive genes (xa5, xa8, xa13, xa24, xa26, xa28 , and xa32) occur naturally and confer race-specific resistance, whereas three recessive genes, including xa15, xa19, xa20 are the product of mutagenesis and confer broad spectrum of resistance to Xoo races Ogawa, 1996) . Several BLB resistance genes have been physically mapped and characterized for their spectrum of resistance. The gene Xa1 was identified by Sakaguchi (1967) that confers specific resistance to race 1 strain of Xoo in Japan. It encodes a nucleotide binding LRR protein (Yoshimura et al., 1998) . Xa3 gene has been mapped to the long arm of chromosome 11 and tightly linked to Xa4 gene . It has been reported that plants carrying Xa3 gene showed resistance to nine Xoo races in Philippines (Zhang et al., 1998) . Similarly, Xa21 was reported as a highly effective gene against South and Southeast Asian races of Xoo (Khush et al., 1990) . Xa26 is also a dominant gene that codes for a LRR receptor kinase protein.
It has been mapped on the long arm of chromosome 11 and found in cultivar Mingui 63 that was resistant to many strains of Xoo during seedling and adult stages (Chen et al., 2002; Taura et al., 1992) . Similarly, Xa27 gene conferred resistance against a wide range of Xoo strains.
The distinctness of Xoo populations from different Asian countries has been reported on the basis of molecular genotyping studies covering diversity, distribution of pathogens and relationship between phylogeny and virulence (Nelson et al., 1994; Adhikari et al., 1995) . Based on the population structure, Korean Xoo races are disparate from the Philippines and Japanese that might be due to continuous genetic variations in isolates and their unique hierarchical evolutionary pathways for pathogenicity (Jeung et al., 2006) . In Korea, these isolates have been grouped into five races (K1 to K5). However, the main focus has been concentrated on the K1, K2, K3, and K3a races (Noh et al., 2003; Jeung et al., 2006) . Among these races, K1 effect is declining due to rice cultivars bearing Xa1 and Xa3 gens, whereas K2 and K3 races have increased their pathogenicity in Korea. In particular, recently evolved race K3a caused a severe damage in the southwestern areas of Korea (Noh et al., 2003) .
Traditional gene mapping methods have been used to identify and localize target genes in many crops. Though these mapping methods using F 2 populations and recombinant inbred lines are useful in targeting genes, but these are time consuming and provide low mapping resolution. Genome-wide association (GWA) mapping is a technique that links the specific phenotype to sequence variation present in the individual's genome at various loci (Nordborg and Weigel, 2008) . In comparison to traditional methods, GWA uses natural populations to rapidly map the target genes in large and diverse genotypes with much higher resolution. Recently, GWAS has been reported for the analysis of complex traits in foxtail millet, rice, sorghum, and maize (Huang et al., 2010; Kump et al., 2011; Jia et al., 2013) . GWAS was also used for the identification of genes linked to complex traits such as leaf size, flowering time and disease resistance (Buckler et al., 2009; Poland et al., 2011) .
Single nucleotide polymorphism (SNP) chips have been used in GWAS to identify genes and QTL linked traits in rice such as abiotic stress, grain quality, and agronomic performance. In our research, we examined BLB resistance in GWAS based on genotyping SNPs variants across diverse accessions of rice. The goal of this study was, using GWAS, to identify a considerable number of loci related to BLB resistance that might be important for rice improvement.
Results

Resistance reaction to Xoo races
Ninety-six accessions collected from 11 different countries were tested for their resistance to four Korean races of Xoo. The resistance patterns for the four isolates have been shown on the representative leaves of rice accessions in Fig. 1 . The highest resistance in terms of number of accessions was observed against K1 race (93.75%) followed by K3 (70.83%), and K2 (66.67%) races. The most prevailing threat to rice in Korea, K3a race showed a more devastating effect on germplasm with high susceptibility (65.62%) (Fig. 2, Table 1 ).
In total, 22 accessions expressed resistance to all four races of Xoo. The germplasm from the Philippines was more resistant with 11 accessions, followed by China and Korea with 4 and 3 accessions, respectively. However, single accession from each of Japanese (IT123177) and American (IT226) germplasm showed resistance against four races. All the germplasm accessions held resistance genes for at least one of the pathogen races. Furthermore, sixteen accessions were observed with susceptibility to three races with more shares from Japan (13 accessions). Among the Korean germplasm, all accessions showed resistance against K1 and K3 races, whereas nine out of thirteen accessions were resistant to K2 race. However, only three accessions (IT260672, IT219216, and IT219282) were resistant to K3a race and interestingly, these accessions also showed resistance to other three races (K1, K2, and K3) of the pathogen (Table 1) .
GWAS for resistance to BLB strains
By employing the data set of 34,724 high quality SNPs, the GWAS revealed 8, 17, 4 and 10 SNPs associated with BLB against pathogen at a threshold of [-log10(P-value) ] more than 5 for K1 and K2, and more than 4 for K3 and K3a, respectively. Among them, the strongest trait associated SNPs (or linear peak SNPs) for each race were selected and considered as the putative loci for BLB resistance in rice. A total of nine putatively BLB linked SNP loci were identified on different chromosomes. Four loci for K1 and K2 races were declared to have a highly significant association with BLB resistance. These associated loci were located on three chromosomes of rice holding their positions on chromosome 9 and 11 for K1 race ( Fig. 3a) and 2 and 11 for K2 race (Fig. 3b) . Similarly, 5 loci for K3 and K3a races were detected in connection with BLB resistance. The linked loci were positioned on chromosome 6 and 11 for K3 race (Fig. 3c ) and chromosome 4, 11 and 12 for K3a race (Fig. 3d ). Manhattan plots of four races showed different patterns of SNPs distribution from each other except chromosome 11, which holds the significant SNPs for K1, K2, K3 and K3a races but at variable peaks. Three peaks with -log10(P-value) values larger than 7 (Fig. 3a, 3b ) and two peaks with -log10(P-value) values larger than 5 (Fig. 3c, 3d ) in Manhattan plots indicated very strong signals of association between the trait and chromosomal regions. In particular, five regions on chromosome 9 (Fig. 3a) , 2 ( Fig. 3b) , 6 ( Fig. 3c ), 4 and 12 ( Fig. 3d ) host sharp -log10(P-value) peaks.
A set of 39 SNPs was detected from the whole dataset with variable -log10(P-value) values on different chromosomal locations for all four races of the pathogen. Among these BLB associated (putative) SNPs, 16 were located in CDS region, 14 in intergenic, and 7 in the intron region of the annotated genes, whereas two SNPs were present in the UTR region of LOC_Os11g38480 and LOC_Os02g57520 (Table 2) . MLM analysis detected the highest number of SNPs for race K2 followed by K3a, K1 and K3 races with seventeen, ten, eight, and four SNPs, respectively. In approximately 1.70 Mb interval (27090877 -28791142) on rice chromosome 11, seven BLB associated (putative) SNPs were located in the CDS, intron and intergenic regions of seven putative genes. Among these genes, the CDS region genes at LOC_Os11g46250 have been annotated as expressed proteins while the function of other four putative BLB linked intergenic regions is unknown. Similarly, two SNPs were located in approximately 0.1 Mb interval (22801669 -22908256) on chromosome 11 in UTR and CDS regions at LOC_Os11g38480 and LOC_Os11g38630, which have been annotated as NBS-LRR type disease resistance and expressed proteins, respectively ( Table 2) .
The sequences of the newly identified loci were blasted using 
a R and S stands for resistant and susceptible, respectively (Fig 4) Fig 1. Bacterial leaf blight reactions to Korean isolates of Xoo, K1, K2, K3, and K3a in different accessions of rice (Oryza sativa L.). R and S stands for resistant (lesion length less than 1cm) and susceptible (lesion length more than 9cm), respectively. RiceGe database (www.signal.salk.edu/cgi-bin/RiceGE) to find their positions on the chromosomes. The locus LOC_Os11g38480 (NBS-LRR type disease resistance protein, putative), which showed resistance to K1 race was located at a distance of ~1.06 Mb from Xa23 gene and ~5.07 Mb from Xa3/Xa26 genes on chromosome 11 at a position of ~22.80 Mb. An unknown locus detected for resistance to K1 was located on chromosome 9 between LOC_Os09g17180 and LOC_Os09g17190 at a distance of ~0.001 Mb from each of the genes (Fig. 4a, Table 2 ). The resistance against K2 was indicated by a putatively BLB associated locus LOC_Os02g57510 (SNARE domain containing protein, putative, expressed) on chromosome 2 at a distance of ~0.003 Mb from the LOC_Os02g57500. Similarly, a locus which showed resistance against K2 race was located on chromosome 11 between LOC_Os11g47580 (Glycosyl hydrolase, putative) and LOC_Os11g47574 (Expressed protein). The Xa3/Xa26 and an unknown locus were located ~0.88 Mb apart on the same chromosome (Fig.  4b) . Another putative locus LOC_Os11g45570 (expressed protein), which showed resistance to K3 race, was found between Xa23 and Xa3/Xa26 genes at a distance of ~5.84 Mb and ~0.29 Mb, respectively. However, the direction of Xa23 was opposite to LOC_Os11g45570 and Xa3/Xa26 genes (Fig. 4c) . The Xa3 and Xa26 genes were shown together because of the presence of genetically tight linkage between Xa3 gene and a leucine-rich repeat (LRR) gene Xa26 (Xiang et al., 2006) . Another locus LOC_Os04g52330 (expressed protein), which indicated resistance to K3a race, was located at a distance of ~0.35 Mb from Xa1 gene on chromosome 4. One more unknown locus putatively associated with BLB resistance was located between LOC_Os11g43180 (Expressed protein) and LOC_Os11g43200 (Tropinone reductase 2). Resistance to K3a race was also indicated by LOC_Os12g12514 on chromosome 12 at the position of ~6.90 Mb and at a distance of ~0.004 Mb from LOC_Os12g12530 (Retrotransposon protein, putative) (Fig. 4d,  Table 2 ).
Discussion
In the past, numerous studies have been conducted on BLB disease related diagnosis, management, and control, but no effective and economical treatment has been established. Nevertheless, improving genetic resistance is a competent way of combating disease. This can be achieved by screening genotypes conferring resistance against pathogens. Previously, Ali et al. (2009) determined five out of 15 genotypes against X. oryzae. In another study, three basmati rice varieties were screened against eight different isolates of Xoo to test the resistance level of commercially grown cultivars in Pakistan. However, these varieties proved to be susceptible to pathogens (Noor et al., 2006) . Similarly, 53 medium-grain and 49 fine grain rice cultivars were employed for screening against BLB races, of which 13 for medium-grain and one for fine grain were selected as resistant cultivars (Yasin et al., 2007) . It is vital to have more knowledge of varietal resistance for selecting cultivars with durable resistance (Banito et al., 2010) . In the present study, 96 accessions were screened against four different Korean races of Xoo (K1, K2, K3, and K3a) and found that all the accessions were resistant to at least one race (Table 1) . Previously, Fred et al. (2016) identified five resistant cultivars out of 32 cultivars against K1 race and reported the severity of pathogen in the field conditions. However, germplasm accessions used in our study proved to be strongly resistant (93.75%) to K1 race. Furthermore, 22.92% accessions showed resistance to four races of Xoo. Among the four races, high rate of susceptibility (65.62%) in germplasm was observed for K3a. Though K3a is prevailing as a threat to rice yield in Korea (Noh et al., 2003) , three accessions from Korean germplasm (IT260672, IT219216, and IT219282) showed resistance against all tested races including K3a. These findings suggest that the resistant germplasm may contain multiple resistance genes or QTLs, or a single locus may confer resistance to multiple races.
During an attack from a pathogen, plants are protected by defensive signaling pathways (Koornneef and Pieterse, 2008) and many genes that are essential during infection start expressing. Durable resistance to BLB is a complex trait and involves both dominant and recessive genes. One strategy to achieve long term resistance to BLB is to accumulate QTLs that confer broad spectrum resistance. In this study, we inoculated 96 germplasm accessions with four isolates from Korea and phenotypic results were used in GWAS by using 34,724 SNPs. With the help of Manhattan plots at a threshold level of [-log10(P-value) ] more than 5 (Fig. 3a, 3b ) and more than 4 (Fig 3c, 3d) , nine loci putatively linked to BLB were identified. The effects of these loci on resistance to BLB might be as strong as those of other resistance genes. Although the functions of the candidate QTL associated with BLB require confirmation, detection of loci associated with resistance against Korean populations of X. oryzae provides basis for detailed molecular analysis. Furthermore, some of the SNPs in these loci with high linear -log10(P-value) could be used as a marker in the marker assisted selection of BLB resistant cultivars in Korea.
Among the identified loci in the present study, LOC_Os11g38480, LOC_Os02g57510, LOC_Os06g38470, LOC_Os04g52330, and LOC_Os12g12514 including an unknown locus on chromosome 9 showed strong associations with BLB resistance conferred for K1, K2, K3, and K3a, respectively. Our search of the reference 'Oryza sativa japonica' genomic sequence revealed that an unknown locus, which showed resistance against K1 race was positioned between a hypothetical protein (LOC_Os09g17180) and OsFBX320-Fbox domain containing protein (LOC_Os09g17190). F-box domain plays its role in the degradation of cellular proteins. Though there is no evidence linked to BLB resistance, FBX proteins have been reported in almost all terrestrial species which perform different functions essential to life on land including defense against pathogens (Hua et al., 2011) . Similarly, a gene (LOC_Os11g45570) resistant to K3 race and an unknown locus resistant to K2 race were localized near Xa3/Xa26 genes on chromosome 11. The unknown locus with resistance against K2 race was positioned between an expressed protein and glycosyl hydrolase, putative gene on chromosome 11. The glycosyl hydrolase family has been reported for important physiological processes, including response to biotic and abiotic stresses in plants (Opassiri et al., 2006) (Fig. 3b) . Among other nearest genes, Xa3/Xa26 have been reported for resistance against three races, including K1, K2, and K3 but susceptible to K3a (Kim et al., 2015) . Moreover, Suh et al. (2009) reported that plants having Xa4 and Xa21 genes conferred strong resistance to K3a race. Another unknown locus on chromosome 11 for K3a race was located between an expressed protein and tropinone reductase2 gene, which helps in oxidoreductase activity in the cells. Additionally, the positions of Xa21, Xa23 and Xa3/Xa26 genes near to an unknown locus, identified in this study on chromosome 11, indicated an association for resistance to K3a race (Fig. 3d) . It suggests that expressed protein (LOC_Os11g45570) and unknown regions could be exploited as candidate resistance loci for K2, K3 and K3a races in Korea. Similarly, another expressed protein (LOC_04g52330) on chromosome 4 was localized close to Xa1 gene, which has resistance against K1, K2, and K3 races (Kim et al., 2015) . Interestingly the locus identified in this study on chromosome 4 showed resistance against K3a race, which might be useful to harness it as a new resistance locus for K3a race. Most of the resistance responsive genes are anchored on chromosome 11 and 12, as depicted in the present and a previous study (Rice and Sequencing, 2005) . Therefore, these chromosomes specifically yield a desirable target for breeding durable disease resistance in rice.
Materials and Methods
Plant materials
A total of 96 accessions of rice germplasm were selected on the basis of the bioassay using four isolated races of Xoo such as K1, K2, K3 and K3a. All genotypes of rice were acquired from National Agrobiodiversity Center (NAS, RDA, Republic of Korea). The detailed information about the plant material used in this study is given in Table 1 . The seeds were sown in green house and seedlings were transplanted in the field (21 days after sowing) with a planting density of 30 x 15 cm. The experiment was performed with three replications. Separate plots were used for different isolates and management practices in the field were as usual.
Bioassay for bacterial leaf blight strains
Korean BLB isolates have been classified into five races (K1 to K5) on the basis of five rice cultivars including Milyang 42, Hangangchalbyeo, Pungsanbyeo, Cheongcheongbyeo, and Milyang 23 as the Xoo differential system (Yun et al., 1985) . In 2003, a new race K3a emerged in Korea which proved to be an epidemic for rice crop (Noh et al., 2003) . Among these BLB isolates, four races K1 (HB01013), K2 (HB01014), K3 (HB01015), and K3a (HB01009) (Song et al., 2014) that were maintained at -80 o C were revived on Peptone sucrose agar (PSA) plates at 28 o C for 48 h. Each bacterial colony was suspended with sterilized distilled water and adjusted to concentrations of approximately 10 9 cfu/ml (Fang et al., 1981) . At the booting stage (approximately 40 days after transplanting), the uppermost fully expanded leaves of each plant were inoculated by clipping the scissors in bacterial suspension and by clipping off the leaves 2-3 cm from leaf tip (Kauffman et al., 1973) . The inoculations were performed in the morning in order to reduce the possible effects of high temperature.
Disease reaction
For disease scoring, the lesion length was measured 28 days after inoculation (DAI) from the leaf tips. The plant leaves with lesion length less than 1 cm were selected as resistant and those with more than 9 cm were selected as susceptible.
Genotyping
Young leaves from two week old plantlets were used for DNA extraction. Genomic DNA was extracted according to the Qiagen DNeasy Plant Mini Kit protocol (QIAGEN, Germany). The concentrations of DNA were estimated using Take3 TM Micro-Volume Plate (BioTek Instruments, Inc., USA) and final adjustment was made at 100 ng/µl. The protocol of Elshire et al. (2011) was used to prepare 384-plex genotyping by sequencing (GBS) libraries and Illumina HiSeq 2000 paired-end read was used for GBS sequencing. The discovered SNPs were called from the 384-plex GBS data using TASSEL 5.0 GBS pipeline (Bradbury et al., 2007) with physical alignment to the reference genome, Oryza sativa L. ssp. Japonica (https://phytozome.jgi.doe.gov/) using Bowtie2 (Spindel et al., 2013) . Imputation of missing data was performed in TASSEL 5.0 using FastImputation-BitFixedWindow plugin with default settings (Romay et al., 2013) . The algorithm divides the whole SNP set into small SNP windows and identifies the most similar accession within each window to fill the missing data. The data point is left missing if the window from nearest neighbor has difference of >5% from the accession being imputed (Romay et al., 2013) . The average imputation error rate across the 12 chromosomes was estimated to be less than 1% by comparing the imputed and actual calls. Total SNP matrix was obtained for a total of 293,379 SNPs. All those SNPs were removed from the dataset which had 10% or more missing data after imputation. Finally, a dataset of 34,724 SNPs was obtained, which expanded from chromosome one to twelve in the rice genome (Fig. 5) .
Association mapping
GWAS was conducted using TASSEL 5.0. The TASSEL program uses a mixed linear model (MLM), which includes a kinship matrix in addition to any covariates to determine association between traits and phenotype. In our case, we described disease resistance as a simple binary trait where 1 and 0 represented susceptible and resistant trait, respectively. The final analysis used six principal components as covariates along with the kinship matrix in the MLM. Statistically significant loci were identified by applying a BY-FDR (false discovery rate) correction for multiple tests (Benjamini and Yekutieli, 2001) . Allele effects were calculated as the difference between the average trait value for all accessions that were homozygous for the major allele (AA) and the average trait value for all accessions that were homozygous for the minor allele (BB) for a given SNP. The percent variance explained by each individual significant SNP was calculated as the squared correlation between the phenotype and genotype of the SNP (Faraway, 2002) . Q-Q (Quantile-Quantile) plots and Manhattan plots were generated using TASSEL 5.0
Conclusion
The present investigation revealed the existence of high resistance in 22 accessions against four tested Korean isolates of X. oryzae. Among these accessions, Japanese germplasm was more susceptible, whereas Philippines germplasm was more resistant. Furthermore, three Korean accessions showed strong resistance to the four races of Xoo. These accessions may contain multiple resistance genes or QTL that are effective against Korean races. Crossing these resistant germplasm accessions with susceptible cultivars in Korea will facilitate the resistance breeding against BLB. The SNPs reported here can be used to develop functional markers for marker-assisted selection of resistant genotypes. Moreover, functional characterization of the putative loci could be performed for elucidating their biological role in BLB resistance.
